In order to study the formation of deformation bands (DBs) and its relation to recrystallization, an aluminum single crystal was compressed along the h011i direction and subsequently annealed. In the present crystal, the four slip systems having the largest Schmid factors were on two slip planes that were symmetrically arranged with respect to the direction of observation. The overall deformation was consistent with the arrangement of these two major slip planes. In the central region of the observed surface, the major slip planes were activated to form a doubleslip pattern. On the other hand, at the corner regions, many DBs were formed. After annealing, recrystallization occurred in the regions containing the DBs. Recrystallized grains had a h111i-rotation relationship with the DBs. The experimental results were compared with those in tensile-deformed aluminum single crystals having the same crystallographic orientation.
Introduction
There is a large difference in the slip patterns of tensiledeformed single crystals according to the tensile direction. [1] [2] [3] [4] [5] [6] [7] [8] [9] We can classify the crystal orientations into uniformly and non-uniformly deformed orientations based on the uniformity of the slip pattern on the sample surface. For example, the h001i, h112i and h111i directions are known as uniformly deformed tensile directions of face-centered-cubic metal single crystals. The crystallographic orientation of these single crystals is virtually unchanged from their initial orientation, which is accounted for by assuming that the slip systems with the largest Schmid factors are almost equally activated.
A typical non-uniformly deformed tensile direction of an aluminum single crystal is h011i. [10] [11] [12] [13] [14] Although four slip systems on two slip planes have the largest Schmid factors, the activities of the two slip planes are not equal. Upon tensile deformation, the slip systems on one of the two slip planes are activated as the primary slip. At a nominal tensile strain of approximately 0.15, the initially suppressed slip systems on the other slip plane are activated to form a special type of band of secondary slip (SBSS). An SBSS has a large orientation difference from the adjacent deformation matrix (DM) in which only the primary slip plane is activated. Since dislocations are highly accumulated at the boundaries between the SBSS and DM, the boundaries act as the preferential sites for the formation of recrystallized grains (RGs) in post-deformation annealing.
Although extensive studies have been carried out on the tensile deformation and plane strain compression [15] [16] [17] of aluminum single crystals, less attention has been paid to the axial compression and post-deformation annealing. In the present paper, we report on the compression of a h011i aluminum single crystal and its post-deformation annealing behavior. An axial compression test of a nominal compressive strain of 0.4 was carried out at room temperature. Special attention was paid to the slip pattern, local orientation change, and their relation to recrystallization. The experimental results were compared with those in tensile-deformed aluminum single crystals with the same orientation.
Experimental Procedures
An aluminum single crystal was grown using the Bridgman method in air. The purity of the material was 99.99 mass%. A sample with the h011i direction aligned parallel to the compressive axis was spark-cut from the crystal. The surfaces of the sample were mechanically polished and subsequently electropolished in a solution of perchloric acid in ethanol. The shape of the sample was cubic, 10 Â 10 Â 10 mm 3 . A photograph of the sample is shown in Fig. 1(a) . Figure 1(b) is the stereographic projection of the initial orientation of the sample. The triangular and elliptic symbols in the stereographic projection correspond to the directions perpendicular to the slip planes P1 to P4 and the slip directions D1 to D6, respectively. In the following, the slip system is represented by a combination of the slip plane and slip direction. A direction with a bar on top of the number is the direction opposite to the one without a bar: i.e., D 3 3 is the direction opposite to D3. The Schmid factors of the slip systems in the sample are presented in Table 1 . Four slip systems on two slip planes (P1 and P2) have large Schmid factors, and those of the other slip systems are close to zero.
The compression test was carried out at room temperature at the initial strain rate of 3 Â 10 À4 s À1 to a nominal compressive strain of 0.4. The compression dies were made of tempered alloy tool steel having a polished surface with center-line-average roughness of 2 mm. Boron nitride (BN) powder was spread on the surface of dies before the compression test as lubricant. The slip pattern and the orientation variation were analyzed with a scanning electron microscope (SEM, JEOL JSM-5800) combined with an electron backscatter diffraction (EBSD) pattern analyzer (TSL OIM 3).
The compressed sample was sectioned into halves along the YZ plane (see Fig. 1 ) by spark-cutting. One of the halves was used for the annealing experiment as a bulk sample. The annealing was carried out at the furnace temperature of 753 K for 100 s. The other half was spark-cut along the YZ plane into thin slices. After mechanical thinning, disks were stamped from the slices using a mechanical puncher. Finally, twin-jet electropolishing was used for the final thinning of the disks for electron transparency. Dislocation cell structures were observed with a transmission electron microscope (TEM, Hitachi H-800). The TEM sample was annealed on the TEM heating stage. Annealing was stopped at 573 K after the temperature was continuously raised from room temperature in 233 s. Crystallographic orientation of deformation microstructures and RGs was analyzed with the SEM/EBSD method for both bulk and TEM samples.
Results and Discussion

Deformation and recrystallization in the bulk
sample A photograph of the compressed sample is shown in Fig. 2(a) . The width of the sample was extended predominantly in the Y direction (from 10.0 mm to 20.6 mm), while the sample width was virtually unchanged in the X direction (from 10.0 mm to 10.2 mm). This macroscopic shape change is consistent with the expectation from the Schmid factors, in that slip systems on the P1 plane (P1D1 and P1D3) and those on the P2 plane (P2D2 and P2D5) are almost equally activated in the deformation process because the arrangement of these slip planes is symmetric about the X axis, i.e., normal to the observed YZ surface, and the combined slip direction of D1 and D3 and that of D2 and D5 are both parallel to the YZ surface. A low magnification SEM image of the YZ surface is presented in Fig. 2(b) . The slip pattern is not uniform throughout the surface. As shown in Fig. 3 , a double-slip pattern of P1 and P2 planes is observed in the central region. On the other hand, in the regions close to the corners, slip on either the P1 or P2 plane was activated as the primary slip to form the DM, and many narrow deformation bands (DBs) were formed. The slip pattern in region I in Fig. 2(b) is shown in Fig. 4(a) . In this region, the primary slip plane is P1. The P1 slip bands are rotated in the counterclockwise (CCW) direction in the deformation band (DB). The rotation of the DB induced the slip on the P3 or P4 plane having a Schmid factor close to zero in the initial orientation. The slip pattern in region II in Fig. 2(b) is shown in Fig. 4(b) . The primary slip plane in this region is P2. Slip corresponding to the P3 or P4 plane is observed in the DBs. The activated slip systems in the DBs in the present sample are different from those in the SBSS in the tensile-deformed aluminum single crystal with the same orientation in which the slip on the P2 plane is activated. [10] [11] [12] [13] [14] In addition, the slip pattern in the DBs in the present sample looks similar to that observed in kink bands. 18) Figures 4(c) and 4(d) are the h001i pole figures constructed from the EBSD data measured in an area of 208 Â 285 mm 2 in regions I and II, respectively. The directions of the deformation-induced rotation of the DM and DB are clockwise (CW) and CCW, respectively, in region I (Fig. 4(c) ), and the opposite in region II (Fig. 4(d) ). For both DM and DB, the rotation axis is close to the X axis. The largest rotation angle of the DB from the initial orientation is approximately 50 . As described in Section 2, the compressed sample was spark-cut into halves. One of the halves was annealed as a bulk sample. Figure 5(a) is the optical micrograph of the YZ surface of the sample after the oxide film was removed by mechanical polishing followed by etching. RGs that appear bright in the micrograph are found in the regions close to the corners and the regions adjacent to the upper and lower compression dies. No recrystallized grain (RG) is observed in the central region where both the P1 and P2 slips were almost equally activated to form a double slip. We focused our attention on the RGs in the corner regions because the friction P1 P2 CA 20 µm with the dies made the deformation too complex for the relationship between the deformation microstructure and RGs to be analyzed. Figures 5(b) and 5(c) are the image quality maps constructed from the SEM/EBSD data measured in the rectangular areas in Fig. 5(a) . The regions appearing bright in the figures correspond to the RGs. Most of the RGs are much larger than the width of the DBs. In addition, a very high-density distribution of RGs makes it difficult to determine the orientation relationship between RGs and the DB from which the RGs are nucleated. Hence, we carried out an annealing experiment of the TEM sample to observe the initial stage of recrystallization. The results will be described in the following section. Figure 6(a) is the SEM image of the TEM sample prepared from region I in Fig. 2(b) containing high-density DBs. The SEM/EBSD measurement was carried out for the rectangular area in the figure. The orientation map constructed from the EBSD data is presented in Fig. 6(b) . The crystallographic orientation projected onto the compression axis was used to construct this orientation map because the DB and DM, being misoriented about the X axis, cannot be distinguished when the orientation projected in the X direction is used for mapping. A typical spacing between DBs is from 20 to 40 mm in this area. The rotation angle from the initial orientation is not the same for all DBs. It is clear from the color code that the crystallographic orientation of the broad DBs projected onto the compression axis is close to h211i, which is consistent with the largest rotation angle of DBs observed in the bulk sample (Figs. 4(c) and 4(d) ), approximately 50 , from the initial orientation. (The angle between the h011i and h211i directions of the same h01 1 1i crystal zone is 54.7
Deformation microstructure and annealing of TEM sample
.) The image quality map of the same area as Fig. 6(b) is presented in Fig. 6(c) . It is clear that the dark areas of low image quality, i.e., areas containing high-density dislocations, exist at the boundaries between the DB and DM. A TEM image of the dislocation cell structures of the rectangular area in Fig. 6(c) is shown in Fig. 6(d) . In the DM, cells extended along the primary slip P1 are observed. On the other hand, the cells in the DB are equiaxial, which corresponds well with the fact that the slip on the P3 or P4 plane was activated in DBs in addition to the primary slip P1. The smallest cells are observed at the DB/DM boundary. We should note that the dislocation density observed in this micrograph is not high enough for nucleating RGs in the annealing process because, as will be described in the following, recrystallization does not occur in thin electron-transparent regions in the TEM sample.
The TEM sample was annealed on the TEM heating stage. Nine RGs were formed along the DBs in the peripheral region of the TEM sample with a thickness of approximately 0.1 mm. The SEM image of the smallest RG that was nucleated at a very narrow DB is shown in Fig. 7 .
The crystallographic orientation of the RGs was measured with the SEM/EBSD method and compared with those of DB and DM. The h111i pole figure of the orientation of the nine RGs along with the h111i poles of the DB and DM is shown in Fig. 8 . The orientation of seven RGs is related to that of the DB by rotation about the P3 axis. In other words, these RGs have a h111i-rotation relationship 5, 8) with the DB. It has been reported that in aluminum single crystals tensile-deformed along h011i, 70% of the RGs formed in the SBSS have a h111i-rotation relationship with the SBSS or DM. 11, 12) The RGs formed in the DBs in the compressed sample exhibit the same tendency in spite of the slip pattern being different from that in the SBSS.
Summary
An aluminum single crystal was 40% compressed along the h011i direction. The crystal was extended predominantly along the lateral direction of the observed surface. This macroscopic shape change is consistent with the arrangement of slip systems having the largest Schmid factors on two slip planes, i.e., P1 and P2. The slip pattern was not uniform throughout the observed surface. In the central region, slips on the P1 and P2 planes formed a double-slip pattern. On the other hand, in the corner regions, either P1 or P2 was activated as the primary slip to form the DM. High-density DBs were formed in which slip systems with a virtually zero Schmid factor at the initial orientation were activated.
After annealing, recrystallization occurred in the corner regions. The central region where the double slip formed did not recrystallize. The RGs had a h111i-rotation relationship with the DBs. 
